Background: Alcohol use disorder (AUD) is known to have adverse effects on brain structure and function. Multimodal assessments investigating volumetric, diffusion, and cognitive characteristics may facilitate understanding of the consequences of long-term alcohol use on brain circuitry, their structural impairment patterns, and their impact on cognitive function in AUD.
A LCOHOL USE DISORDER (AUD) is reported to have adverse effects on brain structure and function (Squeglia et al., 2014a; . Compared to various clinical syndromes associated with alcohol use, gross brain pathology is generally absent in uncomplicated AUD . However, the effects of long-term alcohol use on the brain in those with uncomplicated AUD may manifest in subtle structural abnormalities that persist following abstinence from alcohol, potentially contributing to mild-to-moderate impairment of higher-order cognitive functioning characterized as memory, executive function, visuospatial ability, and social cognitive deficits (Easton et al., 2008; Ferrett et al., 2010; Johansen-Berg, 2010; Kopera et al., 2012; Le Berre et al., 2017; Sullivan et al., 2010) . However, expected correlations between simple measures such as brain volumes and performance on relevant neuropsychological tests in AUD have not always been observed . Instead, frontofugal circuits, including frontocerebellar, frontolimbic, and frontostriatal networks affected by AUD, have been proposed to underlie some of the distinct cognitive and motor function impairments observed in AUD Thiebaut de Schotten et al., 2015) . Generally, bivariate correlations have been used to examine the association of either volume or diffusion characteristics with performance on neuropsychological tests in AUD (e.g., Colrain et al., 2011; Pitel et al., 2012a) . However, often ignored is the association of impairments in circuit-related systems with cognitive and motor impairments. For example, several studies on long-term alcohol use/exposure using structural magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI) have shown reduced volume in cortical and subcortical gray matter (GM) regions (De Bellis et al., 2000; Kroenke et al., 2014; Treit et al., 2013; , and white matter (WM) microstructural tissue abnormalities (Bagga et al., 2014; Monnig et al., 2013; Thayer et al., 2013; Zorlu et al., 2014) , suggesting their role in cognitive impairments. However, few studies have investigated the relationship of volumetric and/or diffusion characteristics with performance on neuropsychological tests (e.g., Chanraud et al., 2009; Schulte et al., 2012) . Combining multimodal assessments such as volumetric and diffusion characteristics can further the understanding of their relationship with performance on neuropsychological tests to accurately characterize structural and functional abnormalities in AUD.
Research has traditionally employed voxel-based morphometry to estimate GM, WM, and cerebrospinal fluid volumes on the voxel (millimeter) scale, whereas several scalar invariants derived from DTI, such as fractional anisotropy (FA) and mean diffusivity (MD), have been used to characterize WM microarchitecture (Alcauter et al., 2011; Belke et al., 2015; Kim et al., 2015) . Reduction in GM volume in mature adults often reflects hypotrophy due to cellular loss and may be responsible for associated behavioral impairments (De Bellis et al., 2000; Kroenke et al., 2014; Treit et al., 2013) , whereas lower FA is often interpreted as lower integrity of the WM, which may reflect factors including axonal count and density, degree of myelination, and fiber organization (Alcauter et al., 2011; Belke et al., 2015; Kim et al., 2015; Steinbrink et al., 2008) . Recent studies have also reported changes in DTI characteristics of cortical and subcortical GM regions, pointing to various structural and physiological mechanisms to explain the findings (Camara et al., 2007; Chanraud et al., 2009; Douaud et al., 2009; Hasan et al., 2009; Lebel et al., 2008; Pfefferbaum et al., 2010a; Wang et al., 2010a; Zhan et al., 2012; Zhao et al., 2012) . The utility of DTI analysis in both WM and GM is becoming increasingly evident with animal models, shedding light on the microarchitecture of the WM, where lower axial diffusivity (AD) is interpreted as a specific marker of axonal damage, loss, and density (Harsan et al., 2006; Sun et al., 2006) and higher radial diffusivity (RD) as a marker of dysmyelination and demyelination (Concha et al., 2010; Harsan et al., 2006; Mills and Tamnes, 2014; Tyszka et al., 2006) , and as evidence of various physiological processes and changes in the GM. Therefore, analysis of multiple DTI measures, such as AD and RD together with FA, may aid in interpreting WM and GM findings. For example, examining the relative contribution of higher RD that suggests demyelination and lower AD that suggests lower axonal density would more specifically explain lower WM integrity (Alexander et al., 2007) and possibly their relative impact on brain function.
This study investigates differences in brain volume, DTI (i.e., FA, AD, and RD), and performance on neuropsychological tests among abstinent individuals with AUD (DSM-IV) relative to controls. The study also examines the association of these structural brain abnormalities with performance deficits on neuropsychological tests of planning and problem-solving ability, visuospatial memory span, and working memory. Based on previous research, we hypothesized that abstinent individuals with AUD would have smaller volumes in prefrontal cortical regions, hippocampal regions, basal ganglia regions, infratentorial and cerebellar regions, and lower microstructural integrity in WM regions and that these abnormalities would be associated with poorer performance on neuropsychological tasks.
MATERIALS AND METHODS

Participants
The sample comprised 60 individuals that included thirty abstinent male participants with AUD (DSM-IV criteria) [M age (SD) = 41.42(7.31) years] and thirty healthy male controls [M age (SD) = 27.44(4.74) years]. Controls were recruited through advertisements and screened to exclude any personal and/or family history of major medical, psychiatric, or substance-related disorders. The participants with AUD were recruited from alcoholism treatment centers in and around NYC after they had been detoxified and not in withdrawal. None of the participants with AUD met DSM-IV criteria for substance use disorders (see Table 1 ).
A modified version of the semistructured assessment of genetics of alcoholism (SSAGA; Bucholz et al., 1994) was administered to assess alcohol/substance use and related disorders and family history of these disorders. Individuals with moderate and severe cognitive deficits (<21) on the mini-mental state examination (Folstein et al., 1975) were excluded from the study. Participants were instructed to abstain from alcohol and other substances for at least 5 days prior to the neuroimaging and neuropsychological assessments and were screened on the day of testing. Individuals who tested positive on the alcohol breathalyzer test or reported substance use were either rescheduled or excluded from the study. Individuals with hearing/visual impairment, liver disease, or history of head injury were also excluded. Standard protocols of recruitment for MRI were followed to ensure participants' safety during the scan. Informed consent was obtained from all participants. Experimental procedures and human research protection plans were carried out in accordance with the Declaration of Helsinki and were approved by the Institutional Review Boards.
Image Acquisition, Processing, and Analysis
For full details of image acquisition, processing, and analysis, see Appendix S1. Briefly, imaging was performed using a 3.0 Tesla Siemens Tim Trio MRI (Erlangen, Germany). A high-resolution 3-dimensional T1-weighted magnetization-prepared rapid gradientecho (MPRAGE) image with TR = 2,500 ms, TE = 3.5 ms, TI = 1,200 ms, flip angle = 8°, matrix size = 256 9 256 9 192, and voxel size = 1 9 1 9 1 mm 3 ; and a turbo spin-echo proton-density weighted image with TR = 7,000 ms, TE = 11 ms, TI = 1,200 ms, matrix size = 256 9 256 9 72, and voxel size = 1 9 1 9 2 mm 3 were acquired. DTI included a double spin-echo echo-planar imaging sequence with 37 measurements, 7 at b = 0 and 30 at b = 1,000 s/ mm 2 with uniformly distributed diffusion-sensitizing gradient directions, TR = 9,000 ms, TE = 91 ms, matrix size = 128 9 128 9 72, and voxel size = 2 9 2 9 2 mm 3 . Diffusion tensors were estimated, and FA, MD, AD, and RD maps were calculated based on the estimated tensors in the native space. Group differences in the standardized FA maps were computed using voxelwise 2-tailed t-tests with a voxelwise p < 0.01 and the cluster size method (Forman et al., 1995) of correction for multiple comparisons. Fifteen FA clusters were found to be significantly different between AUD and control groups. Average FA, AD, and RD values in these clusters were extracted for further regions of interest-neuropsychological analyses.
T1-weighted MPRAGE scans were parcellated and segmented into anatomical regions using recon-all program of the FreeSurfer (version 6.0; The General Hospital Corporation, Boston, MA). Image analysis in FreeSurfer has been previously described (Fischl and Dale, 2000) . Briefly, after basic preprocessing, the WM and pial surfaces were identified by creating a mesh around the WM and pial voxels. Surface-based maps of each individual scan were constructed using a manually labeled training data set (Desikan et al., 2006) . The anatomical accuracy of FreeSurfer's automated parcellations and segmentations was visually inspected. Finally, volumetric measurements for each cortical and subcortical region were obtained through automated calculation of the distances between their surface and WM border using recon-all program.
In addition, we used a multi-atlas hippocampus segmentation algorithm (Heckemann et al., 2006) implemented in-house to measure hippocampal volume (HV) for cross-validation purposes. The automated hippocampus segmentations on all 60 participants were visually inspected for accuracy using the ITK-SNAP (www.itksnap.org) software (Yushkevich et al., 2006 ). An example of the automatically segmented hippocampus displayed using ITK-SNAP is shown in Fig. 1A in the Results section. Quantitative accuracy assessments using leave-one-out cross-validation yielded an average Dice index of 0.86 between manual and automatic segmentations.
Neuropsychological Task Measures
Computerized versions of the Tower of London test (TOLT) and the visual span test (VST) were administered using the Colorado assessment tests for cognitive and neuropsychological assessment (Davis and Keller, 2002) .
The TOLT was used to assess planning and problem-solving ability (Shallice, 1982) . On a computer screen, participants were shown a window on the left (working area) and a window on the right (goal position) with prearranged color beads placed on pegs. They were instructed to move the colored beads one-by-one in the working area until the arrangement on the goal position is achieved in as few moves as possible. The test consisted of 21 trials with 3, 4, and 5 colored beads placed on respective number of pegs, comprising 7 problems per puzzle-type. Besides the total, separately for each puzzle-type, 5 performance measures were analyzed: excess movesmade (EM), pickup-time, think-time, total trials-time, and average trial-time.
The VST was used to assess visuospatial memory span and working memory with both forward and backward span tests included. Participants were shown 8 boxes on a computer screen that illuminated in a designated sequence. Two trials for each 2 to 8 illuminated box sequences were presented that either were required to be repeated as seen (i.e., forward) or in reverse order (i.e., backward). The length of a sequence increased by 1 on a correct recall. The task ended upon incorrect recalls on both trials of the same sequencelength or correctly recalled all 8 sequence-lengths. Four performance measures, total correct (TC), maximum sequence-length achieved (Span), total average time, and TC-average time for each of the forward (F) and backward (B) conditions, were analyzed.
Statistical Analyses
Student's t-tests were computed to determine group differences in age, education, and alcohol/substance use variables (Table 1) . Linear model (LM) fits were performed to determine group differences for the cortical and subcortical region volumetric estimates, and the FA, AD, and RD values in the 15 clusters identified in the voxelwise analysis of the DTI maps. Age and intracranial volume (ICV) were used as covariates for the volumes of cortical and subcortical regions, whereas only age was used as a covariate for all DTI measures. To determine the correct p-value threshold for a familywise error rate (FWER) of 5% for all group comparisons, permutation tests (10,000 iterations) of all the LMs were performed to determine the expected FWER when the hypothesis of no group difference was true. The p-value for a single comparison was selected to guarantee that the FWER (type I error a) was controlled at <0.05 level. Paired t-test was computed to determine group-independent difference between bilateral putamen. Partial correlation was performed to analyze the relationship between bilateral HV while controlling Note that Ns refer to those who meet criteria for the alcohol and substance use variables; all subjects were assessed and were omitted from the table if they did not meet these criteria. One drink per month for 6 months or more.
for age and ICV. To analyze the relationship between length of abstinence and volumetric, diffusion, and neuropsychological measures in the AUD group, partial correlations were performed while controlling for age and ICV and significance levels were checked using a Bonferroni correction for multiple testing (CMT).
LM and generalized linear models (GLM) were used to analyze the neuropsychological performance data with age as a covariate. Log transformations were applied to time measures and analyzed using LM assuming a normal distribution and identity link function. Integer-valued variables (e.g., EM) were analyzed using zero-inflated count models combining a point mass at zero with a negative binomial distribution model to reflect the overdispersion of the data with a log-link function using GLM. For the VST measures (e.g., Span), cumulative logit models (Agresti, 2012) were applied. The log-likelihood test was used to compare the models, and goodness-of-fit test was used to select the most parsimonious model.
Canonical correlations were computed to determine associations between sets of volumetric and DTI measures with the set of neuropsychological performance measures. Only those variables that were significantly different between groups formed the respective sets (see Table 2 and Figs 2 and 5 in the Results section). The top significant canonical correlations were selected for further examination.
RESULTS
AUD participants were significantly older, t (49.71) = 8.78, p < 0.0001, had fewer years of education, t (58) = À7.00, p < 0.0001, earlier age of onset of regular alcohol use, t(40) = À4.67, p < 0.0001, higher quantity, t (34.57) = 5.58, p < 0.0001, and frequency, t(39.18) = 7.97, p < 0.0001, of alcohol use during heavy use period, longer length of abstinence, t(31.97) = 3.89, p < 0.0005, higher quantity of tobacco use, t(24) = 5.19, p < 0.0001, and higher frequency of marijuana use, t(11.74) = 2.50, p < 0.03. However, the groups did not differ in the quantity of occasional alcohol use and frequency of alcohol and tobacco use during the last 6 months before participating in the study. Positive correlations between length of abstinence and volumes of bilateral caudate, pallidum, cerebral WM, mid-posterior corpus callosum, and total subcortical GM were found, but none of them survived CMT, hence were not reported. Group differences (AUD vs. controls) were evaluated against FWER (a < 0.05) based on permutation test-based CMT. Based on FWER, cortical volume measures with p < 0.0022 and subcortical volume measures with p < 0.0088 were considered significant. Compared to controls, AUD participants had significantly smaller volume in left pars orbitalis, F = 10.73, p < 0.002, right medial orbitofrontal, F = 10.57, p < 0.002, right caudal middle frontal cortices, F = 16.60, p < 0.0002, and significantly smaller left, F = 7.74, p < 0.007 and right HV, F = 8.16, p < 0.006. Left and right HV had within subject significant correlation (r = 0.709, p = 4.82 9 10 À10 ) after controlling for age and ICV. Institute (MNI) coordinates of the 15 FA clusters with significant group differences in voxelwise analysis. These clusters were labeled as GM01-03 if located in GM regions and WM01-12 if located in WM regions. Table 2 and Fig. 5 illustrate group differences in FA, AD, and RD after controlling for age. Clusters are sorted, labeled, and presented based on whether they were located in GM or WM. The GM regions are shown in the gray and WM regions in the white backgrounds in Fig. 5 . Positive valence on the scale in the difference plots in Fig. 5 indicates higher values, and negative valence indicates lower values in the AUD group relative to controls.
Similar to volumetric difference analysis, based on FWER (a < 0.05), FA and AD differences with p < 0.0068, and RD differences with p < 0.0064 were considered significant. Group differences in left and right (GM01/02) putamen, right superior longitudinal fasciculus (WM06), callosal body (WM07), and left superior corona radiata (WM10) were rendered nonsignificant after controlling for age (Table 2) . Significant positive correlations between age and bilateral putamen (left: R 2 = 0.518; right: R 2 = 0.531), with a groupindependent greater left than right asymmetry in the putamen FA [paired t(59) = 10.04, p < 0.0001], were also observed (Fig. 4) . In the remaining 10 clusters, AUD participants had significantly lower FA in WM compared to controls, except in the left thalamus (GM03) where the FA was higher in the AUD group (Table 2) .
Analysis of AD and RD revealed that after controlling for age, lower FA values in left external capsule (WM02), left superior longitudinal fasciculus (WM05), left splenium of corpus callosum (WM08), left anterior corona radiata (WM09), right superior corona radiata (WM11), and left occipital WM (WM12) clusters in the AUD group were due to higher average RD, whereas lower FA in left external capsule (WM03) was due to lower average AD (Table 2; Fig. 5 ).
AUD participants made more moves (EM_3B) than required to complete 3 pegs/beads puzzle-type problems on the TOLT and scored lower on correct trial-count of visuospatial memory span (TC_F), memory span (Span_F), and working memory (Span_B) on the VST compared to controls (Table 3) .
Full models including AD and RD as predictors for the performance on neuropsychological tests as criterion measures were found to be nonsignificant in canonical analyses. The analysis of the 5 volumetric measures (set-1) as predictors of the 4 neuropsychological task performances (set-2) yielded 4 dimensions with standardized canonical correlation coefficients (R c ) of 0.57, 0.45, 0.34, and 0.17, respectively. The full model was statistically significant, Wilks's k = 0.46 criterion, F(20, 170.10) = 2.25, p < 0.003, and explained about 54% of the variance shared between variable sets. Given the squared canonical correlation coefficients (R 2 c ) effects for each dimension (0.33, 0.21, 0.12, and 0.03), only Dimension 1 was considered noteworthy in the context of this study (33% of shared variance). The structure coefficients (R s ) showed that all 4 neuropsychological performance scores contributed to the synthetic criterion variable (set-2), whereas left HV, left pars orbitalis volume (LParsOrbV), right medial orbitofrontal volume (RMeOFV), and right caudal middle frontal volume (RCMiFV) were the main contributors to the predictor synthetic variable (set-1). The respective squared structure coefficients (R 2 s ) for both criterion and predictor variables supported these conclusions and are highlighted in bold (Table 4 ). The R s of visuospatial memory performance scores were positively related to each other and negatively related to lower problem-solving ability (EM_3B) in the criterion variable (set-2). Interestingly, as the R s of volumetric measures in the predictor variable (set-1) were positively related to each other, they were also positively related to visuospatial memory performance and negatively related to lower problem-solving ability in the criterion variable (set-2).
The analysis of the 10 FA measures (set-1) as predictors of the 4 neuropsychological task performances (set-2) as criterion measures yielded 4 dimensions with R c of 0.72, 0.43, 0.37, and 0.17, respectively. The full model was statistically significant, Wilks's k = 0.32 criterion, F (40, 176.28) = 1.53, p < 0.034, and explained about 68% of the variance shared between the variable sets. Given the R 2 c effects for each dimension (0.52, 0.19, 0.14, and 0.03), only Dimension 1 was considered noteworthy in the context of this study (52% of shared variance). The R s showed that all 4 neuropsychological performance scores contributed to the synthetic criterion variable (set-2), whereas FA in left thalamus (GM03), left frontal WM (WM01), left superior longitudinal fasciculus (WM05), left splenium of corpus callosum (WM08), and left anterior corona radiata (WM09) were main contributors to the predictor synthetic variable (set-1). The respective R 2 s for both criterion and predictor variables supported these conclusions and are highlighted in bold (Table 5 ). The R s of visuospatial memory performance scores were positively related to each other and negatively related to lower problem-solving ability. Interestingly, as the R s of FA measures from WM regions (set-1) were positively related to each other and negatively related to left thalamus, they were also positively related to visuospatial memory performance and negatively related to lower problem-solving ability (set-2). Conversely, signs on FA in left thalamus (set-1) and criterion variables (set-2) indicate that FA in left thalamus was positively related to lower problem-solving ability and negatively related to visuospatial memory performance. EM_3B, excess moves-3 pegs/beads puzzle-type; LHV, left hippocampal volume; LParsOrbV, left pars orbitalis volume; R c , standardized canonical dimension coefficient; RCMiFV, right caudal middle frontal volume; RHV, right hippocampal volume; RMeOFV, right medial orbitofrontal volume; R s , structure coefficient; R 2 s , squared structure coefficient; Span_B, backward span; Span_F, forward span; TC_F, total correct trial-count for forward memory span.
DISCUSSION
The present study utilized multimodal neuroimaging to examine both volumetric and diffusion data and their relation to neuropsychological task performance. Importantly, we found that compared to the control group, the AUD group had: (i) lower problem-solving ability, visuospatial memory span, and working memory; (ii) smaller volumes in left pars orbitalis, right medial orbitofrontal, right caudal middle frontal regions, and bilateral hippocampi; and (iii) lower FA in multiple WM regions and higher FA in the left thalamus. The lower FA values in 6 WM regions were due to higher RD in the AUD group, except the left external capsule (WM03) where FA was explained by lower AD. (iv) The FA in bilateral putamen was significantly and positively associated with age, which explained the group differences observed in voxelwise analysis. (v) Canonical dimension explained shared variance among prefrontal and HVs, FA values, and neuropsychological task performance. The prefrontal cortical and left HVs and FA in WM regions were positively related to visuospatial memory performance and negatively related to lower problem-solving ability. Conversely, FA in the left thalamus was negatively related to visuospatial memory performance and positively related to lower problem-solving ability.
Anatomical Volumes
Consistent with previous reports, AUD participants had smaller volumes compared to controls in left pars orbitalis, right medial orbitofrontal, right caudal middle frontal cortical regions, and bilateral hippocampi (see for a review . A recent study by Pfefferbaum and colleagues (2018) reported significantly steeper reduction in caudal middle frontal, superior frontal, and posterior cingulate cortical regions in heavy-drinking adolescents. Many of the same cortical regions were implicated in both studies, albeit failed surviving a CMT. For example, the superior frontal cortical region reported as significantly affected in the Pfefferbaum and colleagues (2018) study did not survive a CMT in the present study. Differing methodology (e.g., permutation tests vs. false discovery rate), study design, and sample characteristics (e.g., adolescents vs. adult) likely contributed to these differences. Nevertheless, several findings, including that of caudal middle frontal cortical region, tended to be consistent across studies. Early age of regular drinking onset in the AUD group compared to controls in the present study (Table 1 ) also supports the conclusion of alcohol use in adolescents affecting cortical volume in these regions in the Pfefferbaum and colleagues (2018) study. Orbitofrontal cortical volume is reportedly affected by WernickeKorsakoff syndrome (WKS), and the propensity to relapse following abstinence and older age are reported to be related to pronounced orbitofrontal atrophy in uncomplicated AUD (Beck et al., 2012; Durazzo et al., 2011; Zou et al., 2018) .
HV deficits milder than that of WKS have been observed in uncomplicated AUD compared to healthy controls (Pitel et al., 2012b) , which are attributed to loss of WM and decreased axonal diameter (Harding et al., 1997) , glial cell loss (Korbo, 1999) , or reduced incorporation of newly formed neurons to the dentate gyrus (He et al., 2005) . The hippocampus plays a central role in the formation, consolidation, and retention of recent (or declarative) memories (Burgess et al., 2002; Tamnes et al., 2014) . Memory impairments have been observed in early abstinent AUD individuals (e.g., Kopera et al., 2012) , and various mechanisms implicating hippocampus have been proposed (Chanraud et al., 2009; . Therefore, these results also provide a neuroanatomical substrate for memory impairments in AUD.
However, no significant differences either in basal ganglia nodes of reward circuitry (i.e., caudate, putamen, amygdala, and nucleus accumbens) or in total infratentorial volume, pons, and cerebellum were observed as previously reported . The different methodological and sample characteristics may be contributing to the differences in results. In contrast to more recently abstinent AUD samples used in previous studies, the majority of AUD participants (22/30) in the present study were long-term abstinent and few (8/30) were abstinent for less than 6 months. Post hoc partial correlations yielded significant positive correlations between abstinence-length and volumes of bilateral caudate, pallidum, cerebral WM, mid-posterior corpus callosum, and total subcortical GM, suggesting association of volumes in these regions with abstinence-length, similar to previous findings . However, associations did not survive a CMT. Despite reports of recovery of brain volumes with abstinence, mechanisms of recovery and effects of EM_3B, excess moves-3 pegs/beads puzzle-type; GM, gray matter; R c , standardized canonical dimension coefficient; R s , structure coefficient; R 2 s , squared structured coefficient; Span_B, backward span; Span_F, forward span; TC_F, total correct trial-count for forward memory span; WM, white matter.
abstinence-length remain unclear due to factors such as aging . Future studies should investigate recovery of brain volume combining cross-sectional and longitudinal data while controlling for age and abstinencelength, to better understand the extent of recovery in AUD following abstinence.
Lower prefrontal cortical volume in AUD may be implicated in the observed poorer performance on neuropsychological tests and cognitive functions involving these regions (De Rosa et al., 2004; Fassbender et al., 2004) . However, it has also been suggested that executive function and frontal lobe volume deficits were associated in at-risk (family history of AUD) individuals, while spatial and memory-related deficits and temporoparietal volume deficits were associated as a consequence of alcohol use (Squeglia et al., 2014a,b) . Therefore, the differential effects of familial risk and heavy alcohol use on the prefrontal cortical volume must be accounted for to examine potential cause/s of smaller prefrontal cortical volume in AUD.
DTI Measures
DTI analysis identified 9 WM regions, including frontal WM, external capsule, superior longitudinal fasciculus, splenium of corpus callosum, anterior corona radiate, and occipital WM of the left hemisphere and right superior corona radiata where AUD participants had lower FA compared to controls (Table 2, Fig. 5 ), suggesting lower WM integrity confirming previous findings (Bagga et al., 2014; Fortier et al., 2014; Monnig et al., 2013; Pfefferbaum et al., 2010b) . The callosal body was also found to be affected (unadjusted p < 0.008) as commonly reported (e.g., Pitel et al., 2010) but did not survive a CMT. These FA differences were further explained by the contribution of higher RD in 6 WM regions and lower AD in left external capsule (WM03). Proton diffusion in tissue is highly sensitive to differences in the microstructural architecture of cellular membranes. Larger average spacing between membrane layers will result in higher diffusivity, whereas smaller spaces will lead to lower diffusivities (Alexander et al., 2007) . Research has demonstrated that the parallel organization of WM fiber bundles and axonal membranes is the primary determinant of diffusion anisotropy in both peripheral nerves and the central nervous system WM, while myelin integrity appears to modulate the degree of anisotropy (Beaulieu, 2002; Concha et al., 2010) . For example, rodent dysmyelination models showed that FA values still indicate anisotropy and reduce only by~15% in the complete absence of myelin (cited from Mills and Tamnes, 2014) . Almost all studies of myelination with normal brain development (Neil et al., 1998) or demyelination with disease-related processes (Sun et al., 2006) have found less diffusion anisotropy, where axons are less myelinated. Studies of dysmyelination and demyelination have also confirmed increased RD, that is, diffusion away from the axis (Harsan et al., 2006; Song et al., 2005; Tyszka et al., 2006) , whereas AD, that is, diffusion along the axis, has been suggested to be a more specific marker of axonal damage, loss, and density (Harsan et al., 2006) . Precise mechanisms aside, AD and RD provide more specific information about tissue diffusion properties than FA alone. Therefore, the current findings of higher RD in the 6 WM regions and lower AD in left external capsule (WM03) of AUD participants (Table 2 , Fig. 5 ) suggest that lower WM integrity may be interpreted as a result of demyelination in 6 regions. Lower WM in the left external capsule (WM03) may also be explained as a result of lower axonal density or its loss. Zorlu and colleagues (2014) reported higher AD and RD values but no differences in FA between AUD and control groups, indicating that these metrics provide additional information. Lower WM integrity may also suggest relatively lower levels of brain activation during cognitive processing due to tardy signal processing in the brains of individuals with AUD that perhaps reflects in their subpar performance on various cognitive and behavioral tasks. Accordingly, there is ample evidence showing relatively lower overall taskrelated cortical activation (for a review see Pandey et al., 2012a) , longer reaction-time (Pandey et al., 2012b (Pandey et al., , 2015 Smith et al., 2014) , and longer event-related potential peak latencies (Porjesz et al., 1987; Schuckit et al., 1988; Smith et al., 2014) while performing cognitive and motor tasks, which are indicators of resource allocation for response strength and associated cortical processing speeds in individuals with AUD. Given that impulsive and premature response tendencies are characteristic of AUD, these frequently reported findings may seem counterintuitive. However, Lawrence and colleagues (2009) have suggested that impaired inhibitory control in alcoholism occurs in the context of psychomotor slowing. Future research involving longitudinal structural and functional aspects in AUD can specifically test these hypotheses.
Changes in DTI characteristics of cortical and subcortical GM regions have also been recently reported, and various mechanisms involving structural and physiological characteristics have been proposed (Camara et al., 2007; Douaud et al., 2009; Hasan et al., 2009; Lebel et al., 2008; Pfefferbaum et al., 2010a; Wang et al., 2010a; Zhan et al., 2012; Zhao et al., 2012) . Specific examples of increased anisotropy include loss of myelinated fibers passing through GM structures (Douaud et al., 2009) , targeted loss of certain dendritic connections (Hasan et al., 2008) , and aging-related neural and dendritic elimination (Hasan et al., 2009) , tissue compaction and gliosis (Wang et al., 2010b) , and iron deposition (Pfefferbaum et al., 2010a) . Rulseh and colleagues (2013) reported iron-dependent signal attenuation in vitro (resulting in increased FA) as well as an apparent FA increase and MD decrease in vivo as signal attenuated in putamen and concluded that ferritin-bound iron makes an important contribution to DTI metrics in low-signal, isotropic, iron-rich regions. Specifically, it is likely that the apparent increase in FA with age in bilateral putamen may be due to an upward bias in the estimated diffusion anisotropy which is inversely proportional to the loss of MRI signal due to iron deposition. Although iron continues to accumulate throughout the lifespan in healthy cortical and subcortical GM, it occurs over a limited range beyond 30 years of age. Notably, the most gradual accumulation in the basal ganglia occurs in putamen (Rulseh et al., 2013) . Therefore, evidence suggests that accumulation of iron deposits in bilateral putamen due to increasing age causes MRI signal attenuation reflected in the apparent increase in FA (Pfefferbaum et al., 2010a) . Therefore, our finding of higher FA in bilateral putamen in the AUD group, attributed as an effect of age and not due to group membership or significant changes in AD or RD, tends to confirm this interpretation. We also found a significant lateral asymmetry in putamen apparent FA which, if replicated in independent studies, could indicate higher iron concentration on the left. Additionally, we also found higher apparent FA in the left thalamus. Although the specific mechanism causing apparent increase in FA in the thalamus remains unclear, there are reports of unilateral temporary increase in FA in the thalamus contralateral to the affected body side during extremity pain episodes in MS (Deppe et al., 2013) . Also, FA in thalamus is an independent predictor of WM hyperintensities accrual over a 4-year period in community-dwelling older subjects (Cavallari et al., 2014) . Research also suggests GM microstructure aberrations measured as apparent diffusion coefficients in parahippocampal regions, frontal cortex, and left temporal cortex as responsible, at least partially, for episodic memory deficits in AUD (Chanraud et al., 2009) . Therefore, considering volumetric shrinkage , microstructural aberrations and their relation to lower GM volume in AUD (Chanraud et al., 2009) , the importance of thalamic structures for cognitive functions (for a review, see Fama and Sullivan, 2015) , and in light of aforementioned findings, it is important to report significant group and/or age-modulated effects on FA of subcortical structures, including thalamus.
Neuropsychological Task Measures
Long-term alcohol use has been associated with mild-tomoderate cognitive impairments in memory and higherorder executive function, among others (Johansen-Berg, 2010; Kopera et al., 2012; Le Berre et al., 2017; Sullivan et al., 2010; . Current findings support these conclusions reporting lower problem-solving ability, lower visuospatial memory span, and working memory in AUD. Interestingly, AUD participants showed lower problem-solving ability only for the 3-pegs/beads puzzle-type in a task (TOLT) that also included puzzle-types with 4-and 5-pegs/beads. However, they did not show lower ability in preplanning or time spent in problem-solving. The 3 pegs/beads puzzle-type problems that require 3, 4, and 5 moves to solve tend to have a higher difficulty level compared to the 4-and 5-pegs/beads puzzle-types with similar move requirements (Dias and Seabra, 2012) . Thus, AUD participants seem to display lower problem-solving ability only when the level of task difficulty is higher. This suggests that cognitive deficits in AUD are subtle and manifest mainly in higher-order cognitive functions and/or in demanding circumstances.
Relationship Between Cortical and Hippocampal Volumes, DTI, and Cognitive Measures
Our findings align with an expected relationship between structural and functional abnormalities. For example, significantly explained shared variances showed positive associations of left pars orbitalis, right medial orbitofrontal, right caudal middle frontal cortical volumes, left HV, FA in anteriorly situated frontal WM, superior longitudinal fasciculus, anterior corona radiata, and posteriorly situated left splenium of corpus callosum in the left hemisphere regions with performance on visuospatial memory span and working memory, and their (volumetric and FA measures) negative associations with lower problem-solving ability (Tables 4  and 5 ), suggesting the role of prefrontal focused circuitry in these cognitive functions. Conversely, FA in left thalamus had a negative association with visuospatial memory performance and a positive association with lower problem-solving ability ( Table 5 ), suggesting that an increase in left thalamic FA may lead to cognitive impairments. Some of these results confirm previously reported volumetric and DTI measures with functional association findings (Colrain et al., 2011; Pfefferbaum et al., 2000; Pitel et al., 2012a) . Additionally, combined structural results and relative contributions of different GM and WM regions in explaining shared variance with performance on neuropsychological tests suggest abnormalities in brain circuits, rather than distinct brain regions, as responsible for the observed functional deficits. Zahr and colleagues (2017) have recently identified 3 independent and nonoverlapping frontally based networks (frontofugal), involving coordinated activities of several regions interacting with frontal structures rather than a single area in prefrontal cortices that mediate specific neuropsychological deficits in AUD. These authors propose that abnormalities of brain structure and function are due to AUD and not merely aging. More refined knowledge of compromised and spared structures and functions in AUD would help in determining mediational effects that could enhance therapeutic efforts to redirect neural recruitment from the usual but disrupted paths and networks to functional alternatives, possibly through behavioral therapy . Future studies should investigate the relationship of structural characteristics and connectivity with functional connectivity, combining data from different techniques such as diffusion tractography with functional connectivity measures, including resting-state and event-related functional networks, to understand the link between structural and functional abnormalities in AUD.
Limitations and Future Directions
Although we employed statistical control for the effect of age, given the crucial importance of age-related brain changes in AUD, it is important that future studies with larger samples and age-matched balanced designs account for these confounding factors and confirm the current findings. Similarly, owing to recent equivocal findings on the effect of level of education on brain structure and function after controlling for IQ at age 11 (e.g., Cox et al., 2016) , the effect of level of education was not controlled to avoid possible model-fitting errors. However, appropriate measures of intelligence should also be used to control for its effects to confirm the current findings. Other substance use in individuals with AUD without meeting criteria for substance use disorder is often observed as part of their clinical profile, including in the present sample. While it was beyond the scope of the present study, future studies should also control for other substance use in large clinical samples, and/or in more controlled animal studies to confirm the current findings. Some of the interpretations made in the present study are speculative in nature, given that those hypotheses were not directly tested and have been inferred from associations and evidence reported in the literature (e.g., Harsan et al., 2006; Rulseh et al., 2013) . Future longitudinal structural and functional studies can specifically test these conclusions by investigating additional measures and analyses. Future investigations would also benefit from an integrative approach, employing a variety of complementary technologies to analyze and understand the interconnectivity of structural, functional, and behavioral systems affected by AUD. For example, combining volumetric, DTI, and histological examination of GM and WM would be important to shed light on causes of changes and based on anisotropy observed in different parts of the brain along with functional imaging measures to directly assess relationships between structural and functional abnormalities.
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